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Abstract—The structural integrity of generator retaining
ring at Dieng geothermal power plant has been evaluated using
analytical and finite element method base on the scenario of the
over speed at 100%, 120% and 150% of rated speed. To
validate the evaluation, penetrant testing is applied with the
retaining ring remains patches to its rotor. Base on the
evaluation results of both methods, safety factor against
yielding is greater than 1.0. Then based on the penetrant testing,
it was not detected the presence of defects on the retaining ring
generator surface. However from the displacement result which
obtained by finite element, the displacement in third case has
the same value as the interference therefore there is a possibility
of retaining ring movement from its position that can lead to
fretting failure.

Index Terms—Generator retaining ring, structural integrity,
finite elements, safety factor.

I. INTRODUCTION

Generator retaining rings are normally the most highly
stressed component of the generator and possibly the highest
stressed component of the entire turbine generator set. The
function of the retaining rings is to retain the end winding coil
assembly, insulation material and packing blocks against
centrifugal forces developed when the rotor is rotating. The
shrink-fitted joint method by thermal expansion and
contraction of metal is used to mount the retaining ring on the
generator rotor [1]. The fits at the retaining ring must be
designed with sufficient interference to keep them tight up to
at least 120% rated speed [2]. The shrink-fitted method is a
commonly used to assemble parts in mechanical application.
Advantages are high rigidity, compactness, lightweight,
reliable and non-expensive manner. However, the contact
separation and failure occurrences for those common systems
have been more rarely addressed in the literature [3]-[8].
Under cyclic bending or torsion loads, fretting could occur at
the edge of the shaft-hub fitting surface. Fretting is a
wear/corrosion mechanism resulting from the slight relative
movement of contacting surfaces [8]. In the case of generator
retaining rings, fretting can develop at shrink fit and mating
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surfaces and at winding support positions. The high levels of
residual stress from the cold working process and further
loads which are imposed by shrink fitting, self-weight and
copper support loads during operation can lead to service
failure. The failure on the generator retaining ring can result
in a catastrophic failure of the generator and part of its
associated turbine or prime mover. It is possible for these
rings to rupture or explode damaging the stator end winding,
rotor windings and end covers.

One of the geothermal power plants in Indonesia is Dieng,
with installed capacity of 60 MW. Geographically, the plant
is located in Dieng Plateau, under the administrative district
of Wonosobo, Central Java, Indonesia. The plant was built in
1995 with commissioning in 1998. In 2013, the plant was
reported suffered damage due to malfunctioning of the flow
control system causing the over flow of working fluid. There
are damages to some components, i.e. the turbine and
generator rotor. In the generator rotor, damage occurs on the
bearing and labyrinth seal, which is thought to be caused by
high vibration due to over speed. In addition these
components damages, it is feared the damage also occurred in
the generator retaining ring. However, based on the visual
inspection, it didn’t find any damage and flaw on the
retaining ring.

To ensure the structural integrity of the retaining ring, the
more precise inspections and evaluation is required when
compared with the visual. Traditionally, the inspections of
retaining ring flaws require the removal of the retaining ring
from the rotor. This operation has major implications of
damage risk, cost, safety and time. To overcome this problem,
the structural integrity of retaining ring is evaluated using
analytical and numerical method. Nowadays, numerical
methods such as finite element method (FEM) have become
widespread in order to evaluate the stresses and deformations
by considering the actual geometry and working conditions.
The application of finite element to analyze the shrink-fitted
joint has been performed on the literature [9]-[16]. In this
study, the structural integrity of retaining ring is evaluated
base on the scenario of the over speed due to over flow of the
working fluid at 100%, 120% and 150% of the operating
speed. To validate the analytical and finite element
calculations, Non Destructive Test (NDT), i.e. Penetrant
Testing (PT) is applied with the retaining ring remains
patches to its rotor.

Il. MATERIALS AND METHODS

The Generator at Dieng geothermal power plant was
installed in 1995 with rating generator 75000 KVA, Voltage
15000 Volts, Current 2887 Amp, and Rpm 3000. The rotor
has two poles of winding, both leads position on the exciter
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side disconnected to the diodes and exciter armature. Fig. 1
shows the generator rotor assembly and the position of the
retaining ring on both sides, i.e. the turbine and exciter side,
while Fig. 2 shows the surface condition of the retaining ring
which is visually no visible signs of a flaw or defect.
Analytical calculation and finite element simulation are
subsequently used to evaluate the structural integrity of the
retaining ring in which two of the evaluation results will be
compared with results of the Penetrant Testing (PT).

Turbine Side

=]

Exciter Side

Fig. 2. No marks on retaining ring surface.

A. Analytical Calculations of Retaining Ring Integrity

Fig. 3 shows a schematic of the shrink-fit joint
simplification between the retaining ring and the shaft. The
stress around the hub or the retaining ring must not be so
great to cause the material to yield, even in the presence of
other stress in the system, Including axial, torsional, bending,
shear, pressure, thermal, and inertial stress. The first two
types of stresses often rely on the interference fit itself to
transfer them across the joint, thus they directly affect the
minimum required interference fit pressure. Bending stress
can be equated to axial stresses at the joint interface and
generally are only significance if a radial support is located
far from the joint. Shear force stresses act to decrease the
radial dimensions of the parts and can thus cause loosening of
the joint. Thermal stresses can cause a part to come loose or
split apart. Inertial stresses can also cause the part to come
loose or split [17].

Outer Diameter
Inner D‘Lameter
Outer Diameter

Retaining Ring
Fig. 3. Schematic of shrink fit joint between the retaining ring and shaft.
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Therefore the stress analysis and integrity evaluation of
retaining ring according to [17], [18] by neglecting the effect
due to bending stress use the following procedure.

The differential thermal radial interference due to different
operation and assembly temperatures for different materials
Usnermar CaN be expressed as follows:

Uthermal = AT(as - ah)Dhi/Z (1)

where AT is the temperature difference between operating
and assembly conditions, ag is the thermal expansion
coefficient of shaft, «;, is the thermal expansion coefficient
of hub, and D,; is the hub inner diameter.

The differential radial interference due to Poisson’s effect
of axial force u,,;s50n Can be expressed as follows:

2FupDpi
2 2 -
m(Dfo—Dp;)En

2FvgDg,
2 2
n(DZ,—~DZ)Es

upoisson -

@)

where F is the axial force to be transmitted, v, is the
Poisson’s ratio of hub, v is the Poisson’s ratio of shaft, Dy,
is the hub outer diameter, Dy, is the shaft outer diameter, Dg;
is the shaft inner diameter, E;, is the hub elastic modulus and
E is the shaft elastic modulus.

The hub radial displacement due to rotation uy, s, can be
expressed as follows:

Up,cfg =
prw?(1-vp®) [ (Dpi 3 (PRo+DR:) Dhi
8E, (2) +(3+Uh){4(1+uh)(2)+
(szlODﬁ.i)
) ©

where p,, is the density of the hub material and w is the
rotational speed.

The shaft radial displacement due to rotation u; ¢, can be
expressed as follows:

_ psw?(1-vg2 D pZ,+D%) (D
Uscrg = > EEES =) [ So + 3+ ) {(4zt1)+vss)1) (%) +
8(1—vs)} (4)

where p; is the density of the shaft material.
The maximum diametrical interference A can be expressed
as follows:

A= (Dso + As,+ttol) - (Dho + Ah,—L’ol) + 2(upoisson +
®)
where Ag 40, is the outside diameter upper deviation of shaft
and Ay, _¢,; is the inside diameter lower deviation of hub.

Therefore, the interference pressure as a result of
diametrical interference, P:
A
(szo hl) ((D§0+D§i) Us>

+vup |+
((Dio—D%u) ) (p%o-05;)

The radial stress on hub due to interference pressure
Oy pressure Can be expressed as follows:

Uthermal T Us,cfg — uh,Cfg)

P =

(6)
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The circumferential stress on hub due to interference
Pressure 0g ,ressure Can be expressed as follows:
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The axial stress on hub due to axial force o, can be
expressed as follows:

4F
”(DP210+D}211')

©)

The shear stress on hub caused by torque t can be
expressed as follows:

g, =

_ 16TDp;
”(D;{o_D}‘{i)

T (10)
where T is the torque to be transmitted.

The circumferential stress on hub due to centrifugal effect
0g,crg Can be expressed as follows:

_ swre) (o, o _
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(11)

Therefore the VVon Mises stress at the hub surface, gy, can
be expressed as follows:

Oym =

2 2 2
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2

+ 3712
(12)

B. Finite Element Method

In this study, the results of stress analysis using analytical
methods are validated using ANSYS based on the 3D finite
element method. The geometry of retaining rings is modeled
which based on the actual dimensions using ANSY'S Design
Modeler and the results can be seen in Fig. 4(a). After
geometry modeling and material definition, the next stage in
simulation is a meshing of 3D solid of retaining rings.
Meshing is dividing the components into smaller elements
which are then analyzed according to the material properties,
the boundary conditions and the loading conditions. Based on
the results of meshing, it is generated 45066 element and
85137 nodes that are shown in Fig. 4(b). The settings of
boundary condition which occurs on the retaining ring are
similar with the analytical procedure, which is due to axial
tension, torsion, shear, pressure, thermal, and inertial.
Therefore the safety factor is calculated based on the yield
strength of the material or the ratio between the yield strength
and Von Mises stress of the retaining ring.

0.00 500.00

1000.00 (mm)

250,00 750.00

@ (©)
Fig. 4. 3D modeling of the retaining ring.

C. Inspection of the Retaining Ring

For the outer surface of the retaining ring, pitting and
cracking would be detected by using a liquid dye penetrant.
Testing is done by applying a dye penetrant on the surface of
retaining ring at 5 minutes of dwell time. During that interval,
the liquid penetrant entered on the surface which has the
defect, while the penetrant which is not entered on a surface
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that has no defect is cleaned. Further, a developer is used to
describe the profile of defects on the material. In this study, it
is used the SKL-SP type of penetrant from Magnaflux with
SKD-2 developer type and SKC-S remover type.

I11. RESULTS AND DISCUSSIONS

The structural integrity of the retaining ring is evaluated
base on the scenarios of the over-speed at 100%, 120% and
150% of the operating speed. The parameters as the input on
the analysis for the retaining ring and the shaft can be seen
respectively in Table | and Table Il. Based on the data of the
inside diameter of retaining ring and the outside diameter of
the shaft, it is produced the interference of 2.2 mm, therefore
the deformation of the retaining ring is limited to half of the
value of the interference. Based on the ratio between the
diameter and the thickness of the retaining ring, the analytical
calculation is performed by the stress analysis for thin walled
tubes. The retaining ring is made from 18Cr5Mn material
which has the yield strength S, 887.354 MPa. The yield
strength of the material is used to determine the criteria of
retaining ring failure in receiving a total stress or Von Mises
stress.

TABLE I: RETAINING RING/HUB PARAMETER

Parameter Value Unit
Hub outside diameter, Dy, 898 mm
Hub inside diameter, Dy,; 835.8 mm
Inside diameter upper deviation, 0.004 mm
Ah,+tol

Inside diameter lower deviation, 0 mm
Ah,—tol

Stress concentration factor, K, 2

Modulus of elasticity, Ej, 207 GPa
Yield strength, S, 887.354 MPa
Poisson's ratio, vy, 0.4

Coefficient of thermal expansion, a;, 0.0000117 m/m°C
Density, pp, 7.833 glcm?®

TABLE II: SHAFT PARAMETERS

Parameter Value Unit
Shaft outside diameter, Dy, 838 mm
Shaft inside diameter, D; 0 mm
Outside diameter upper deviation, 0.009 mm
Ah +tol
Outside diameter lower deviation, 0 mm
Ah —tol
Stress concentration factor, K, 2

Modulus of elasticity, Ej, 207 GPa
Yield strength, S, 552 MPa
Poisson's ratio, v, 0.27
Coefficient of thermal expansion, &, 0.0000117 m/m°C
Density, pp, 7.833 g/cm?®

The working conditions of the retaining ring as the input of
the analytical calculation and the finite element analysis can
be seen in Table I11. All these data will be evaluated based on

the scenario of the over-speed at 100%, 120% and 150% of
the operating speed or in 3000, 3600 and 4500 rpm.

TABLE |l1: WORKING CONDITIONS

Parameter Value Unit
Torque to be transmitted, T 238854 Nm
Axial force to be transmitted, F 27940 N
Coefficient of friction, u 0.15

Operation temperature, T, 40 °C
Engagement length, L 61 mm
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Based on the analytical calculations procedure of the
retaining ring integrity and from the equations (1) until (12),
the analytical calculation results can be seen in Table IV.
From the analytical result, the radial displacement of
retaining ring for case 1, 2 and 3 respectively are 0.50, 0.70
and 0.81 mm, therefore is below the half of the interference
value and still meet the requirements. The interference
pressure due to the influence of thermal, the Poisson's effect
of axial force and the displacement of the hub and shaft at the
three cases indicates that the higher the rotation of over-speed,
the lower the interference pressure, its mean that the power of
the shrink-fit connection will be even lower. It can be seen
also from the declining of the radial and circumferential
stress. The axial stress and shear stress doesn’t change for all
three cases, because the axial load and torque which are
transmitted are the same for all three cases. However, the
centrifugal stress has increased significantly with the
increasing of rotational speed. The influence of the
centrifugal stress has a significant impact on the results of the
Von Mises or equivalent stress calculations. The Von Mises
stress on the retaining ring for case 1, 2 and 3 respectively are
555.0, 571.1, and 594.4 MPa, while the yield strength of the
retaining ring material i.e. 18Cr5Mn is 887.354 MPa, so the
safety factor against yielding for case 1, 2 and 3 are 1.59, 1.55,

0.84017 Max

0.74681
0.65346
0.56011
0.46676
0.37341
0.28006
0.1867
0.093352
0 Min

1000.00 (mm)

and 1.49. Therefore, based on the results of the stress analysis
using analytical methods, the possibility of failure on the
retaining ring due to plastic deformation was not found,
because the safety factor is above 1.0.

The results of stress analysis using the analytical method
are then validated using ANSYS simulation based on 3D
finite element method. Fig. 5 shows the finite element
simulation results for displacement for three cases. For case 1
and 2, the both displacement value is below the half of the
interference value therefore it still meets the requirements.
However, the displacement of case 3 has the same value as
the interference therefore there is a possibility of retaining
ring movement from its position. Fig. 6 shows the Von
Misses stress for each case. The maximum Von Misses stress
is in the region of shrink fit joint in the all three cases, that for
case 1, 2 and 3 respectively are 407.01, 470.43, and 517.1
MPa. Based on these results, there is a difference between
stress analysis using analytical and finite element. In general,
the results which obtained by finite element for the three case
are smaller when compared with the analytical, with the
difference for case 1, 2 and, 3, respectively are 26.7%, 17.6%
and 13.0% smaller than the analytical method. Therefore the
safety factor which obtained using the finite element will be
greater than the analytical method.

1.0883 Max
0.96733
0.84642
0.7255
0.60458
0.48367
0.36275
0.24183
0.12092

0 Min

0

1000.00 (mm) 1000.00 (mm)

(a) 750.00 (b) 25090 75000 (C)
Fig. 5. The displacement in mm for (a) Case 1, (b) Case 2 and (c) Case 3.

407.01 Max 470.43 Max 5171Max

362.08 418.58 460.16

317.15 366.73 403.22

2.2 314.89 346.28

221.29 263.04 289.34

182.36 21119 2324

137.43 159.34 175.47

92.501 107.49 11853

47.5711 55.647 61589

2.6411 Min 3.7989 Min 46506 Min

1000.00 (mm) 0.00 1000.00 (mm) 1000.00 (mm)
(@) 75000 (0) 250.00 750.00 (C)
Fig. 6. Von misses stress in MPa for (a) Case 1, (b) Case 2 and (c) Case 3.
TABLE IV: ANALYTICAL CALCULATION RESULTS
Parameter Case 1 Case 2 Case 3 Unit
100% rated speed 120% rated speed 150% rated speed

Hub Radial Displacement, upcrg 0.50 0.70 0.81 mm
Interference pressure, P 27.8 24.3 17.4 MPa
Radial stress, 0, pressure -27.8 -24.3 -17.4 MPa
Circumferential stress due to interference pressure , 387.9 339.6 2435 MPa
ae,pressure
Axial stress, o, 0.3 0.3 0.3 MPa
Shear stress, T 6.3 6.3 6.3 MPa
Circumferential stress due to centrifugal effect a¢ ¢4 152.7 219.0 342.1 MPa
Max Von Mises stress, oy 555.0 571.1 594.4 MPa
Factor of safety against yielding 1.59 1.55 1.49

Fig. 7 shows the results of finite element simulations for
minimum safety factor at case 1, 2, and 3 which are 2.1, 1.9,
and 1.7 respectively. The difference of minimum safety
factor for case 1, 2 and 3 are respectively 81.8%, 88.6% and
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145.1% greater than the analytical method. The magnitudes
of the minimum safety factor in all three cases indicate that
the value has declined, in proportion to the increase of
rotational speed. However, based on both analytical and



Journal of Clean Energy Technologies, Vol. 3, No. 6, November 2015

finite element, the minimum safety factor against yielding is
greater than 1.0, therefore the retaining ring components are
in a safe condition to the plastic deformation of the material.

‘,

15 Max
10
2.1802 Min
0
0.00 0 1000.00 (mm)
T m— )
750.00
(@
15 Max .
10
1.8863 Min
0
0.00 i} 1000.00 (mm)
250.00 750.00
(b)
15 Max
10
5
1.716 Min
0
0.00 1000.00 (mm)
_ZSllﬂlI:—m.Oﬂ:
. o ©
Fig. 7. Factor of Safety against yielding for (a) Case 1, (b) Case 2 and (c)
Case 3.

-

Fig. 8. The inspection result of penetrant testing (PT).

To validate the analytical and finite element calculations,
Penetrant Testing (PT) is applied on both the retaining ring,
which is on the exciter side and turbine side. In this study, PT
performed on the entire outer surface of the retaining ring,
which inspection results can be seen in Fig. 8. Based on this
inspection, it was not detected the presence of defects on both
sides of the retaining ring generator (turbine and exciter side).

IV. CONCLUSION

Base on the evaluation of the retaining ring integrity using
analytical and finite element method with the three case of
100%, 120% and 150% of rated speed, safety factor against
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yielding is greater than 1.0 thus the retaining ring
components are in a safe condition to the plastic deformation
of the material. Then based on the penetrant testing, it was not
detected the presence of defects on both sides of the retaining
ring generator (turbine and exciter side). However from the
displacement result which obtained by finite element, the
displacement in third case has the same value as the
interference therefore there is a possibility of retaining ring
movement from its position that can lead to fretting failure.
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